In order to test the hypothesis that eosinophilic esophagitis is mechanistically linked to eosinophilic allergic responses in the lung and to provide insight into the molecular mechanisms that regulate esophageal eosinophils, we have established an experimental model of eosinophilic esophagitis. We have used this experimental regime to dissect the role of the eosinophil-specific cytokines IL-5 and eotaxin in regulating eosinophilic esophagitis. Our results establish that exposure to an inhaled respiratory allergen promotes eosinophilic esophagitis and that common mechanisms regulate eosinophilic inflammation in the respiratory tract and esophagus.
Methods
Mice. Eight-to ten-week-old BALB/c mice, as well as C57BL/6, FVB/N, and IL-5 gene-targeted mice (C57BL/6), were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). Eotaxin-deficient inbred mice of the BALB/c background were maintained with age-and sex-matched controls from Taconic Farms (Germantown, New York, USA) as described previously (16) . All mice were maintained under specific pathogen-free conditions and according to institutional guidelines.
Histological analysis of eosinophils in the esophagus. The esophagi of adult mice were fixed in 10% neutral buffered formalin, embedded in paraffin, cut into 5-µm sections, fixed to positive charge slides, and immunostained with antiserum against mouse eosinophil major basic protein (anti-MBP) (a kind gift of James and Nancy Lee, Mayo Clinic, Scottsdale, Arizona, USA) as described previously (17, 19) . In brief, endogenous peroxidase in the tissues was quenched with 0.3% hydrogen peroxide in methanol followed by nonspecific protein blocking with normal goat serum. Tissue sections were then incubated with rabbit anti-MBP (1:16,000) overnight at 4°C, followed by 1:200 dilution of biotinylated goat anti-rabbit IgG secondary antibody and avidin-peroxidase complex (Vector Laboratories, Burlingame, California, USA) for 30 minutes each. These slides were further developed with nickel diaminobenzidine-cobalt chloride solution to form a black precipitate, and counterstained with nuclear fast red. Replacing the primary antibody with normal rabbit serum ablated the immunostaining as reported (17) . Quantification of immunoreactive cells was carried out by counting the positive stained cells under low-power magnification of longitudinal sections using a 10 × 10 µm ocular micrometer (B & B Microscopes Inc., Warrendale, Pennsylvania, USA), and eosinophil levels are expressed as the number of eosinophils per square millimeter.
Electron microscopic analysis of eosinophils in the esophagus. Esophageal tissue was harvested, cut into 1-to 2-mm cubes, and fixed in 3% glutaraldehyde in 0.175 M Cacodylate buffer, pH 7.4, overnight at 4°C. Tissue was then post-fixed in 1% osmic acid in Cacodylate buffer for 1 hour and dehydrated in ethanol. Following dehydration, the tissue was saturated in propylene oxide for two changes followed by embedding in LX 112 resin (Ladd Research Industries, Burlington, Vermont, USA) and polymerized for 2 days at 60°C. Sections were cut, mounted on copper grids, stained with uranyl acetate and lead citrate, and examined with a Zeiss EM 912 electron microscope (Carl Zeiss Inc., Thornwood, New York, USA).
Allergen treatment of mice. A mouse model of allergic lung disease was established using methods described previously (19, 21) . In brief, mice were lightly anesthetized with Metofane inhalation (methoxy-fluorane; Schering-Plough Animal Health, Union, New Jersey, USA), and 100 µg (50 µl) of Aspergillus fumigatus (Bayer Corp., Spokane, Washington, USA), 60 µg (50 µl) of dust mite mixture (Bayer Corp.), or 50 µl of normal saline alone was applied to the nasal or oral cavity using a micropipette with the mouse held in the supine position. After instillation, mice were held upright until alert. In other experiments, 100 µl (100 µg) of A. fumigatus was applied to the stomach using an 18-gauge blunt-ended stainless steel animal feeding needle (Popper and Sons Inc., New Hyde Park, New York, USA). After three treatments per week for 3 weeks, mice were sacrificed between 18 and 20 hours after the last intranasal challenge. In some experiments, mice were pretreated by intraperitoneal injection of 0.5, 0.75, and 1.0 mg of anti-mouse IL-5 (TRFK-5) on the first day of the three weekly allergen treatments, respectively (22) . Controls were also first treated with the same dose of antibodies before challenging with normal saline. The TRFK-5 hybridoma was purchased from American Type Culture Collection (Rockville, Maryland, USA), grown in ascites fluid, and the antibody was partially purified by ammonium sulfate precipitation. In some experiments, anesthetized mice were exposed to nine doses (25 µl) of intranasal Ascaris pseudocoelomic fluid (APF; a kind gift of Joseph Urban, US Department of Agriculture, Bellville, Maryland, USA, and Fred Finkelman, University of Cincinnati, Cincinnati, Ohio, USA) (23) (24) (25) (26) on alternate days and analyzed 18 hours after the last allergen challenge. In other experiments, mice were sensitized by intraperitoneal injection of 50 µg of ovalbumin (OVA) and 1 mg alum in 0.9% sterile saline on two occasions separated by 14 days. On day 15, mice were subsequently anesthetized and intranasally exposed to 150 µg of OVA (50 µl) on seven occasions over 10 days, followed by analysis 18 hours after the last dose.
Analysis of epithelial cell proliferation. In order to determine the degree of epithelial cell proliferation, 5′-bromodeoxyuridine (5′-BrdU) (Zymed Laboratories Inc., South San Francisco, California, USA) incorporation analysis was performed according to previously reported methods (27) . In brief, saline or Aspergillustreated mice were injected intraperitoneally with 0.25 ml of 5′-BrdU, 3 hours before sacrifice. The esophagus was fixed with 10% neutral buffered formalin (Sigma Chemical Co., St. Louis, Missouri, USA) for 24 hours. After fixation, the tissue was embedded in paraffin and 5-µm sections were processed using standard histological approaches. Tissues were digested with trypsin (0.125%) for 3 minutes at 37°C followed by incubation for 30 minutes at room temperature. Sections were washed with PBS three times for 2 minutes and further incubated with monoclonal biotinylated anti-BrdU antibody (Zymed Laboratories Inc.) for 60 minutes at room temperature. Negative controls included replacing the primary antibody with PBS, and positive controls were provided by the manufacturer. BrdU nuclear incorporated positive cells were detected with streptavidin-peroxidase and diaminobenzidine substrate (Zymed Laboratories Inc.) followed by counterstaining with hematoxylin.
Broncho-alveolar lavage fluid analysis. Allergen-or saline-challenged mice were sacrificed, the trachea was cannulated after midline neck incision, and the lungs were lavaged twice with 0.8 ml normal saline containing 0.5 mM EDTA. The recovered broncho-alveolar lavage fluid (BALF) was centrifuged at 400 g for 10 minutes at 4°C, and cells were counted with a hematocytometer. Cytospin preparations were stained with Diff-Quick (Dade Diagnostics of Puerto Rico Inc., Aguada, Puerto Rico).
Blood eosinophil analysis. Peripheral blood samples were collected in heparinized tubes (Becton Dickinson and Co., Franklin Lakes, New Jersey, USA) by tail bleeding. Blood eosinophil levels were determined by counting cells with a Neubauer hemacytometer (Fisher Scientific Co., Pittsburgh, Pennsylvania, USA) and by staining whole blood with Discombe's solution (28) .
Statistical analysis. Data are expressed as mean ± SEM. Statistical significance comparing different sets of mice was determined by Student's t test.
Results

Intranasal allergen induces eosinophilic esophagitis.
We have recently reported that eosinophils are readily detectable in the lamina propria of gastrointestinal segments from the stomach to the colon (19) . In contrast to these gastrointestinal segments, the esophagus has barely detectable eosinophils. For example, quantification of eosinophils by anti-MBP immunohistological staining revealed that the stomach and small intestine have 36.9 ± 11.9 and 54.9 ± 17.4 eosinophils per square millimeter in the lamina propria, respectively. In contrast, the esophagus has 0.2 ± 0.09 eosinophils per square millimeter (mean ± SEM, n = 10-12). Since eosinophils accumulate in the esophagi of individuals with a variety of disorders, we were interested in developing an experimental system for inducing esophageal eosinophilia. We hypothesized that eosinophil recruitment to the esophagus might be induced by exposure to mucosal allergens, since eosinophil tissue accumulation is associated with allergic disorders. We therefore exposed mice to repeated inoculations of A. fumigatus antigens by oral, intragastric, and intranasal approaches and analyzed the level of eosinophils in the esophagus by anti-MBP
Figure 1
The effect of oral, intragastric, and intranasal allergen challenge on eosinophil levels in the esophagus. Mice (BALB/c) were challenged with repeated inoculations of oral, intragastric and intranasal allergen. Eighteen hours after the last allergen or placebo challenge, the mice were sacrificed and eosinophil levels were evaluated in the esophagus. Data are expressed as mean ± SEM; n = 8-9 mice.
Figure 2
The effect of intranasal allergen challenge on eosinophil levels. Mice were challenged with allergen or saline intranasally, and 18 hours after the last allergen exposure the mice were sacrificed and eosinophil levels in the blood (a), BALF (b), small intestine (c), stomach (d), and esophagus (e) were determined. Data are expressed as mean ± SEM (n = 8-12 mice in each group). The mouse strains were a mixture of 129 SvEv, BALB/c, and FVB/N. NS, not significant. immunostaining (Figure 1) . Exposure of mice to oral or intragastric allergen failed to elicit eosinophilia; in contrast, mice exposed to intranasal allergen developed pronounced esophageal eosinophilia (Figure 1) . Eosinophils in the esophagi of Aspergillus-treated mice were 34 ± 6 eosinophils per square millimeter and remained low in saline-treated mice.
Eosinophilic esophagitis is associated with airway inflammation. We were next interested in establishing whether eosinophilic esophagitis and airway inflammation were specifically linked. We first determined the tissue distribution of eosinophilic inflammation following intranasal allergen by examining eosinophils in the blood, BALF, stomach, and small intestine. Allergen challenge induced a significant increase in the level of eosinophils in the blood, BALF, and esophagus ( Figure  2) . In contrast to the esophagus, eosinophil levels in the stomach and small intestine did not significantly increase following allergen challenge. Similarly, exposure of mice to oral or intragastric allergen did not induce eosinophilia in the blood, BALF, stomach, and small intestine (data not shown). As a control, the number of eosinophils in the heart, an organ without resident eosinophils at base line, was shown not to increase following intranasal allergen challenge (data not shown). In order to rule out the possibility that allergen sensitization was dependent upon the nasal mucosa rather than the lungs, we next determined whether intranasal exposure to A. fumigatus antigen (in the absence of pulmonary exposure) was sufficient for the induction of eosinophilic esophagitis. To accomplish this, we exposed anesthetized and nonanesthetized mice to nine intranasal allergen inoculations; however, only the anesthetized mice developed pulmonary and esophageal eosinophilic inflammation (data not shown). Collectively, these results suggest that induction of eosinophilic esophagitis occurs as a result of allergen sensitization in the respiratory tract followed by topical delivery of allergen to the esophagus. In support of this, we have found that about 33% of the intranasal inoculation to anesthetized mice was deposited in the gastrointestinal tract, consistent with the previous literature (29) .
In order to determine whether other antigens were able to elicit esophageal inflammation, we induced allergic airway inflammation with two other allergens, APF and OVA, two potent inducers of experimental eosinophilic lung inflammation (23-26, 30, 31 ). Mice exposed to nine doses of intranasal APF developed significant esophageal eosinophilia compared with saline exposed controls (12.1 ± 7.6 and 0.44 ± 0.9 eosinophils/mm 2 for APF and saline exposed mice, respectively; P < 0.02). Exposure of OVA-sensitized mice to repeated doses of intranasal OVA also induced esophageal eosinophilia (6.4 ± 2.2 and 0.72 ± 0.7 eosinophils/mm 2 for OVA and saline exposed mice, respectively; P < 0.05). Taken together, these results support an etiologic association between allergic eosinophilic responses in the lung and esophagus and suggest a relatively dominant role for A. fumigatus in initiating this process.
Pathological changes associated with experimental eosinophilic esophagitis. Histological examination of the esophagi of untreated and saline-treated control mice revealed the presence of very few eosinophils in the tissue. No eosinophils were detected in most fields, as shown in Figure 3a . Allergen-induced eosinophil accumulation occurred in all regions of the esophagus,
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The including the epithelial layer and muscularis propria; however, the eosinophils were predominantly localized to the lamina propria and submucosa regions ( Figure 3 , b-f). Eosinophils were frequently found at the junction of the lamina propria and the basal layer of the epithelium ( Figure 3, b-f ). In addition, eosinophils were found to penetrate the epithelial layer and were associated with epithelial cell dysplasia, noted by the loss of normal orientation of one epithelial cell to another ( Figure 3, d and f). Interestingly, MBP immunoreactivity was detected in extracellular areas, suggesting release of eosinophil products into the interstitium ( Figure 3, d and f) . In order to analyze eosinophil morphology further, an electron microscopic analysis of the esophageal tissue was conducted. Esophageal eosinophils from allergen-challenged mice were primarily found in the connective tissue of the submucosa and lamina propria in association with collagen matrices. Approximately half of the eosinophils had features characteristic of healthy eosinophils including intact plasma membranes, heterochromatic segmented nuclei, and abundant granules with characteristic electron dense cores and matrices (Figure 4a) (32) . However, half of the eosinophils appeared to be undergoing cell death, as indicated by the disruption of their plasma membranes, by the occurrence of nuclear chromatolysis, and by the detection of eosinophil granules in the extracellular spaces adjacent to these eosinophils (Figure 4, b-d) . Interestingly, some of these granules had a preserved core structure, suggesting that they were released as intact granules. These ultrastructural features, mainly eosinophil cytolysis and the release of free proteinladen eosinophil granules, are the most common finding associated with eosinophilic mucosal inflammation in human disorders (32, 33) .
Because eosinophil accumulation in the epithelial layer was associated with epithelial changes, we hypothesized that allergen challenge might be inducing epithelial cell hyperplasia, a finding frequently seen in human esophagitis (34, 35) . In order to test this, we measured the incorporation of BrdU after its administration to mice following the last allergen challenge. This analysis revealed that allergen-challenged mice had an approxi- mately fivefold increase in BrdU incorporation compared with mice that were challenged with saline (Figure 5) . These results establish that intranasal allergen challenge induces an experimental model of esophagitis characterized by eosinophil accumulation, free eosinophil granules, and epithelial hyperplasia. Eotaxin is partially required for allergen-induced experimental eosinophilic esophagitis. We were next interested in establishing whether eotaxin had an essential role in promoting esophageal eosinophils following allergen challenge. We addressed this by inducing experimental eosinophilic esophagitis in eotaxin gene-targeted mice. The level of eosinophils in the esophagus was markedly increased in allergen-challenged wild-type mice compared with eotaxin-deficient mice (Figure 6a ). In the absence of the eotaxin, there was a twofold reduction in the number of eosinophils in the esophagus compared with allergen-challenged wild-type mice. However, in the absence of eotaxin, allergen challenge still induced about tenfold more eosinophils compared with placebo treatment. The partial role for eotaxin in regulating esophageal eosinophilia is similar to its partial role in the lung as assessed by allergen-induced eosinophil accumulation in the BALF (Figure 6b) .
IL-5 is required for allergen-induced experimental eosinophilic esophagitis. We were next interested in establishing whether IL-5 had an essential role in promoting esophageal eosinophilia following allergen challenge. We addressed this by inducing experimental eosinophilic esophagitis in wild-type and IL-5 genetargeted mice (Figure 7) . Exposure of IL-5 gene-targeted mice to intranasal allergen did not induce eosinophilic esophagitis, while wild-type control mice developed marked eosinophilic esophagitis ( Figure  7a ). An independent method was also used to confirm the critical role of IL-5 in eosinophilic esophagitis by treatment of mice with neutralizing anti-IL-5 serum. Anti-IL-5 allergen-treated mice had markedly reduced esophageal eosinophils compared with control allergen-treated mice (4.6 ± 0.9 vs. 28.6 ± 6.9 [mean ± SEM, n = 4] for anti-IL-5 and control mice, respectively).
We were next interested in determining whether the lack of allergen-induced esophageal eosinophils in IL-5-deficient mice was associated with protection from allergen-induced epithelial cell hyperplasia. We therefore measured the incorporation of BrdU after its administration to wild-type and IL-5-deficient mice following the last allergen challenge. This analysis revealed that allergen-induced epithelial hyperplasia was ablated in IL-5-deficient mice (Figure 7b ). These data suggested that eosinophils were causally related to the pathological features of experimental esophagitis.
Discussion
Eosinophil infiltration into the esophagus is a commonly observed medical problem in patients with diverse diseases including gastroesophageal reflux, drug reactions, allergic eosinophilic esophagitis, eosinophilic gastroenteritis, and primary eosinophilic esophagitis (2, 3, 7, 34, 35) . Recent clinical studies have suggested that the level of eosinophils in the esophagus negatively correlates with response to conventional gastroesophageal reflux therapy (36) . Additionally, the clinical symptoms and the eosinophilic infiltrations can be ameliorated by a food allergen elimination diet or anti-inflammatory therapy (cromoglycate or glucocorticoids) in some patients (9, 10) . This suggests that sensitized individuals may develop esophageal eosinophilic inflammation in response to exposure to food allergens. However, the role of allergens in the induction of eosinophilia in the esophagus has been debated, since there is no direct causal evidence proving this linkage (6) . We now demonstrate that exposure of anesthetized mice to repeated challenges of aeroallergens using a standard protocol to induce allergic airway inflammation promotes marked eosinophilic esophagitis. The accumulation of eosinophils, especially intraepithelial eosinophils, the detection of extracellular granules, and epithelial cell hyperplasia mimic the pathophysiological changes observed in individuals with various forms of eosinophilic esophagitis (6) . Of note, the detection of protein-laden free eosinophil granules is a common pathological observation in human eosinophilic inflammation (33) . It is likely that sensitization occurs by pulmonary exposure, since oral or intragastric allergen exposure alone fails to elicit eosinophilia. In support of this, intranasal inoculation to nonanesthetized mice, which bypasses allergen delivery to the lung, failed to induce pulmonary and esophageal eosinophilic inflammation. Mechanistically, it is interesting to speculate that sensitization occurs through the respiratory tract (lung), and when the sensitized mice are subsequently exposed to the oral allergens deposited by the intranasal application, they develop a hypersensitivity response that leads to eosinophil infiltration into the esophagus. Taken together, this study suggests that aeroallergens may contribute to the development of eosinophilic esophagitis in sensitized atopic patients.
In this study we also demonstrate that IL-5 has a central role in regulating eosinophil accumulation in the esophagus. In the absence of IL-5 (by analysis of genetargeted mice or anti-IL-5-treated mice), esophageal eosinophilia is markedly reduced. Thus, the esophagus likely uses similar pathways, involving CD4 + T cells and IL-5, for the induction of eosinophilic inflammation as those operational during allergic pulmonary inflammation. The lack of allergen-induced epithelial hyperplasia in IL-5-deficient mice suggests an etiological role for eosinophils in promoting epithelial proliferation. Eosinophils are sources of a variety of cytokines, including growth factors (e.g., TGF-α and -β), that may be involved in promoting epithelial hyperplasia (12) . In addition to regulating eosinophilopoiesis, IL-5 primes eosinophils to have enhanced responsiveness to chemokines such as eotaxin (37) . We have also demonstrated that, following allergen challenge, the accumulation of eosinophils in the esophagus is dependent in part upon eotaxin. However, eotaxin-deficient mice still show markedly elevated eosinophil levels in the esophagus compared with base-line wild-type mice or mice treated with placebo alone. This indicates the cooperation of eotaxin with other eosinophil-active chemoattractants in the regulation of eosinophil trafficking to the esophagus. Consistent with this, eosinophils respond to a variety of chemokines including other CCR3 ligands (monocyte chemoattractant protein-2 [MCP-2] and MCP-3, RANTES, and eotaxin-2 and -3) (12) (13) (14) . Thus, the requirements for IL-5 and eotaxin in regulating eosinophils in the esophagus are similar to their respective roles in the lungs.
In summary, these investigations dissect the cellular and molecular mechanisms involved in eosinophil homing into the esophagus. We demonstrate that intranasal allergen exposure induces marked eosinophil infiltration into the esophagus. This suggests that eosinophilic esophagitis can be mediated by extrinsic allergens and establishes a causal link between the development of allergic hypersensitivity in the respiratory tract and in the esophagus, implicating an etiologic role for aeroallergens in the pathogenesis of esophagitis. We propose that aeroallergens may be contributing to the pathogenesis of esophageal inflammation in a subset of patients with primary eosinophilic esophagitis and gastroesophageal reflux disorders. These results suggest that a subgroup of patients with eosinophilic esophagitis may benefit from control of aeroallergen sensitization and/or exposure. Furthermore, the demonstration that IL-5, which is required for pulmonary eosinophilia, is also required for eosinophil infiltration in the esophagus further substantiates immunological cooperativity between the immune responses in the lung and esophagus. It has long been debated whether eosinophils have a pathological role in gastrointestinal inflammatory disorders. The demonstration that allergen-induced epithelial hyperplasia is ablated in IL-5 gene-targeted mice indicates that eosinophils are likely to be causally related to gastrointestinal pathology. These data suggest that anti-IL-5 therapy, which is currently being tested for the treatment of asthma, may be a rational approach for the treatment of eosinophilic esophageal disorders. It is hoped that this novel experimental regime for the induction of eosinophilic esophagitis will facilitate future investigations designed to understand the pathophysiology and treatment of inflammatory disorders of the esophagus.
